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a 30-fold increase in the number of vesicles released by a stimulus of 0.5 ms. Second, the total number of buffers regulate the size of the RRP by suppressing the release of vesicles toward the periphery of the vesicles released during the fastest phase of exocytosis was increased 2-fold. This functionally distinct group of active zone.
vesicles is commonly termed the rapidly releasable pool (RRP), and the size of this population is a key factor Introduction determining the efficiency of synaptic transmission (Burns and Augustine, 1995). EGTA and BAPTA also Neurotransmitter release is triggered by Ca 2ϩ influx through voltage-sensitive Ca 2ϩ channels that open when regulated the size of the RRP, although ‫%02ف‬ of the vesicles with the potential for rapid release were refracthe presynaptic terminal is depolarized (Katz and Miledi, 1967; Zucker, 1996) . The delay between the opening of tory to the effects of 75 mM EGTA. The results support the suggestion that vesicles with the potential for rapid Ca 2ϩ channels and exocytosis can be less than 100 s, indicating that Ca 2ϩ ions diffuse less than 100 nm to release are located at variable distances from Ca 2ϩ channels (Borst and Sakmann, 1996; Burrone and Lagtrigger vesicle fusion (Sabatini and Regehr, 1996; Neher, 1998 ] were measured during often termed a "microdomain" (Neher, 1998 ). An underCa 2ϩ influx through Ca 2ϩ channels, and the buffering standing of the role that Ca 2ϩ buffers might play in regupower of the terminal quantified as the "Ca 2ϩ binding ratio" (Experimental Procedures). Loss of endogenous Ca 2ϩ buffers was prevented by recording in the perfora- To measure the effects of diffusible Ca 2ϩ buffers, we compared measurements of made during perforated the model described in Experimental Procedures, the slope is equivalent to 1 ϩ ϩ I , where and I are the patch recordings with conventional whole-cell recordings that allow soluble molecules to exchange with Ca 2ϩ binding ratios of the endogenous Ca 2ϩ buffers and the added fura-2. In Figure 1B, ] in the range 0.2-6 M, with a scaling factor of 9 pA/M at a membrane potential of entering the terminal were buffered very effectively.
The value of will depend on the [Ca 2ϩ ] over which Ϫ70 mV (see Experimental Procedures and Figure 8 ). Figure 1E shows that the peak amplitude of the Ca 2ϩ -it is measured, because this determines the concentration of free buffer (Equation 7). The [Ca 2ϩ ] in the bipolar activated tail current increased 4-fold after the patch was ruptured to obtain a whole-cell recording with 0.1 cell terminal can reach a few micromolar in response to prolonged depolarization, so was also measured in mM EGTA in the pipette. was about 500 in the presence of endogenous Ca 2ϩ buffers but fell to a steady value this range using an indicator of low affinity, mag-fura ering power could be ascribed to the loss of mobile molecules that bind Ca 2ϩ because it could be prevented The decreased buffering power of the terminal at higher Figure 2C . The mobile buffers nordeveloped due to the activation of BK Ca channels. Activation of BK Ca channels before and after wholemally present in the synaptic terminal were equivalent to ‫2.1ف‬ mM BAPTA or 0.9 mM EGTA. The similarity of cell dialysis was measured in individual synaptic terminals. Figure 3B shows the currents evoked by three these values is expected because when a buffer is in Figure 3D shows buffers by whole-cell dialysis in the presence of 0.1 mM terminals, first in the perforated patch configuration then after whole-cell dialysis in the presence of BAPTA or EGTA doubled the amount of exocytosis. In each case, Not all vesicles were sensitive to EGTA. A population with a total capacitance of ‫32ف‬ fF was still capable of Endogenous Ca 2؉ Buffers Supressed Exocytosis Triggered by Brief Stimuli rapid exocytosis in the presence of 40-75 mM EGTA ( Figure 5D ). It seems likely that these "refractory" vesiAt "classical" synapses, exocytosis is triggered by an action potential lasting ‫2ف‬ ms, and the release probabilcles were docked at distances Ͻ‫03ف‬ nm from Ca 2ϩ channels, when EGTA is expected to be ineffective at ity of a vesicle at the active zone is usually less than 0.1 (Goda and Sudhof, 1997 ]. Could such an effect explain a decrease in the size of ulate exocytosis in response to brief stimuli, we mea- sured changes in membrane capacitance elicited by which the membrane was depolarized to ϩ150 mV for 2 ms, then stepped back to Ϫ10 mV for variable periods step depolarizations lasting 0.5-10 ms. These test stimuli released a variable fraction of the RRP and were before returning to the holding potential. The prepulse to ϩ150 mV increased the open probability of Ca 2ϩ chanpaired with a 20 ms stimulus that "emptied" the remainder of the RRP (see Gomis et al., 1999; Burrone and nels to the maximum but without allowing Ca 2ϩ influx. Figure 6D shows that stepping back to Ϫ70 mV immediLagnado, 2000). Figure 6A shows examples of the Ca 2ϩ currents elicited by steps of 0.5 ms and 20 ms, and the ately after the prepulse caused Ca 2ϩ influx as a tail current that deactivated within about 0.5 ms. Ca 2ϩ tail curleft-hand side of Figure 6B shows the resulting capacitance responses (measured in the perforated patch conrents rarely elicited measurable capacitance responses in terminals containing their endogenous buffers. In the figuration). The 0.5 ms stimulus triggered a response of about 2 fF, even though the "emptying" stimulus indiexample shown in Figure 6E (right-hand side), the response was just 3 fF, even though the capacity of the cated that the capacity of the RRP was about 40 fF. In comparison, a 2 ms step triggered the release of more RRP was about 60 fF. In contrast, Ca 2ϩ tail currents consistently generated large capacitance increases in than 50% of the RRP. Collected measurements in the presence of endogenous buffers and 0.1 mM EGTA are terminals dialyzed with 0.1 mM EGTA ( Figure 6E , lefthand side). The capacitance increase elicited by a Ca 2ϩ shown in Figure 6C . As well as reducing the total size of the RRP by a factor of two, endogenous Ca 2ϩ buffers tail current averaged 1.5 Ϯ 1 fF (n ϭ 8) in terminals containing their endogenous Ca 2ϩ buffers and 47 Ϯ 7 caused a 2.4-fold reduction in exocytosis triggered by a 2 ms step. fF (n ϭ 12) in terminals dialyzed with 0.1 mM EGTA. Removing mobile buffers therefore caused a 30-fold inIn bipolar cells, exocytosis can occur so rapidly that it is normally limited by the time lag between membrane crease in the amount of exocytosis triggered by this very brief stimulus. The potentiation of the exocytic response depolarization and the opening of Ca 2ϩ channels (Mennerick and Matthews, 1996). For instance, Figure 6A could be attributed to the loss of mobile Ca 2ϩ buffers because it was counteracted by whole-cell dialysis with shows that full activation of the Ca 2ϩ current takes about 2 ms at Ϫ10 mV so that Ca 2ϩ influx elicited by a 0.5 ms 2 mM EGTA (mean response 10 Ϯ 4 fF, n ϭ 6) or 0.4 mM BAPTA (mean response 4 Ϯ 3 fF, n ϭ 5). step is severely limited. To test the effects of Ca 2ϩ buffers on these shorter timescales, we used test stimuli in
The time course of exocytosis elicited by stimuli be- we do not know the actual distribution of Ca 2ϩ channels Electron micrographs of an active zone from a dissociat the active zone (Naraghi and Neher, 1997). We thereated bipolar cell are shown in Figures 7A and 7B . The fore assumed a point source of Ca 2ϩ injecting a current electron-dense ribbon appears as a spherical structure of 3 pA, which is a rough estimate of the Ca 2ϩ current immediately behind the plasma membrane (von Gersat the active zone of a bipolar cell, assuming that all dorff et al., 1996). Vesicles appear docked to the plasma Ca 2ϩ channels are localized to ‫05ف‬ ribbons in a terminal membrane over a region extending a few hundred nanowith a total Ca 2ϩ current of 150 pA (von Gersdorff et al., meters (arrows in Figure 7B) tail currents following a prepulse, but the kinetics of phase of exocytosis and therefore increase the size of the RRP. exocytosis will be strongly dependent on the waveform of the presynaptic voltage signal. Small changes in the The idea that vesicles with the potential for rapid release are docked at variable distances from Ca 2ϩ chanshape of the action potential alter the duration and amplitude of the Ca 2ϩ current and, therefore, the amount nels is supported by two observations. First, the majority of rapidly releasable vesicles were sensitive to EGTA, of exocytosis (Sabatini and Regehr, 1997). Finally, the present results suggest that changes in the concentrawhile a subpopulation was not ( Figure 5D Figure 8B ) and fura-2 (Ͻ1 M Ca 2ϩ ; Figure 8D 
